Abstract: A high-efficiency ultra-broadband multi-tip edge coupler based on a silicon-oninsulator platform for direct coupling with the elliptic beam of a distributed feedback laser was developed. The device is composed of a multi-tip section and a combiner section with extra offset regions to reduce the mode mismatch caused by the structural discontinuity which results from a limitation of the fabrication process that creates an inevitable gap width at the junction between the two sections. The widths and the spacing of the tips for the multi-tip section and the extra offset region for the combiner section are fine-tuned by using the particle swarm optimization method to reduce the mode mismatch. A high overall coupling efficiency up to 90.68% (0.4249 dB) at 1550 nm can be achieved for the optimized 90-μm-long four-tip edge coupler. The device can be operated over a broad spectral range of 1260-1675 nm with less than 1 dB extra loss. With its high-efficiency ultra-broadband operation and small device footprint, the proposed device is promising for laser-to-chip edge coupling in silicon photonics.
Introduction
The low absorption of typical telecommunication wavelengths and the high refractive index of silicon makes silicon-on-insulator (SOI) integrated photonics a promising platform for optical communication networks. Additionally, SOI integrated photonics can be compatible with complementarymetal-oxide-semiconductor (CMOS) manufacturing processes and large-scale photonic integration [1] - [3] . The coupling of a micrometer-scale light source and a few hundred-nanometer waveguide in silicon photonic integration for practical applications presents challenges due to the large mode mismatch and refractive index difference between the source and waveguide. Two types of structures have been developed to address these challenges and thus increase the coupling efficiency: the surface grating coupler and the edge coupler. The surface grating coupler is a periodic structure that diffracts the injected light at a specific angle and polarization into the waveguide modes [4] - [6] . However, it suffers from limited bandwidth and requires a complicated fabrication process to achieve a high coupling efficiency, e.g., a deposited silicon overlay with multi-step etching [5] or a multilayer reflector [6] . By contrast, the edge coupler is simply an inverse taper. Such a structure can expand the spatial distribution of the mode profile outside the waveguide core via shrinking the tip width [7] , [8] , leading to smaller mode mismatch between the laser source and the edge coupler. The structure can also reduce back reflection at the incident surface since the effective refractive index of SiO 2 is closer to that of air compared with Si. Additional advantages of edge couplers include a large bandwidth and low polarization-dependent loss [8] .
The conventional edge coupler is composed of a single inverse taper with a rectangular waveguide cross section where the height of the waveguide core is typically fixed at 220 nm. In this arrangement, only the tip width can be adjusted to optimize the structure for greater mode match. Due to this limitation of the inverse taper design, the highest achievable coupling efficiency is limited. Several types of multi-tip edge couplers have been proposed so as to further reduce the coupling loss of conventional inverse taper edge couplers [9] - [12] . By varying the number, width and spacing between the tips, additional degrees of freedom are introduced to control the mode field distribution and thus enhance the coupling efficiency and improve the misalignment tolerances. The doubletip inverse taper with a multimode interference showed smaller coupling loss and an increased tolerance of misalignment than that of the single-tip coupler [9] . The three-tip waveguide with a double slot coupler has experimentally demonstrated a low insertion loss of 1.8 dB within a broad bandwidth for both transverse-electric (TE) and transverse-magnetic (TM) mode polarization [12] .
So far, a majority of current publications have studied the coupling between the edge coupler and the circular beam from the lensed fiber or the small-core fiber with a mode field diameter (MFD) of 2.5-3.3 μm [9] - [12] . Limited research has been conducted on edge couplers optimally designed for input light sources with non-circular incident beams, such as the elliptic beams from distributed feedback (DFB) lasers. The DFB lasers have been widely used as laser sources for optical communication systems and high bitrate interconnects in data center networks due to the superior characteristics of extremely narrow optical linewidth and great temperature stability [13] - [15] . However, a DFB laser usually features an elliptical beam profile because the emission aperture is not circular. As a result, the coupling of its light into an optical fiber requires additional anamorphic lens [16] which may increases the difficulty and cost of packaging for small form-factor pluggable (SFP) transceiver modules. Direct edge coupling of the DFB laser beam into silicon photonic circuits without the use of lensed fiber can bypass this problem and its small footprint is beneficial to SFP transceiver modules. Hence, designing a highly efficient edge coupler for directly coupling the DFB laser into silicon photonic circuits is crucial in practical applications.
In this study, we design a high-efficiency ultra-broadband multi-tip edge coupler based on the SOI platform for directly coupling a DFB laser which emits an elliptical beam profile into silicon photonic circuits. The benefits of using the multi-tip edge coupler are twofold. First, the mode profile at the entrance side of the multi-tip edge coupler can be easily designed to match the field profile of the elliptical beam emitted from the DFB laser to minimize the mode mismatch loss. Second, the multitip edge coupler can be optimized only for TE mode coupling without the concern of polarization dependent loss. Because the light emitted from DFB lasers is typically polarized in the direction parallel to the epitaxial layer interface, it only excites the TE modes in the SOI waveguide. Section 2 describes the proposed device structure. The designed structure consists of a multi-tip section followed by a combiner section with the waveguide and gap width at least as large as the minimum allowable value (150 nm in this study, e.g., imec iSiPP50G) for a practical fabrication process. This structure can be simply fabricated by one step etching on SOI platform. In Section 2.1, the coupling efficiencies of the multi-tip edge couplers with a varying number of tips are analyzed first. The particle swarm optimization (PSO) method [17] , [18] was used to optimize the widths of the tips and the spacing between tips to match the mode field of the multi-tip edge coupler with the output mode of the DFB laser at the input interface. The input interface coupling efficiency is calculated as the fitness function for the PSO by using the finite difference eigenmode (FDE) technique [19] . Section 2.2 describes the determination of the structural parameters with inclusion of the taper and device footprint in the coupling efficiency via the eigenmode expansion (EME) method [20] , for the reduction of the loss during mode evolution. Furthermore, an offset region is proposed to reduce the mode mismatch caused by the structural discontinuity. In Section 3, the determination of the overall coupling efficiency using the three-dimensional finite-difference time-domain (3-D FDTD) technique [21] - [23] is described. For practical applications, the tolerances against the misalignment of the light source and the fabrication error of the edge couplers are also calculated and discussed.
Design of Multi-Tip Edge Couplers
The schematic of the multi-tip edge couplers is shown in Fig. 1 . The proposed devices are channel waveguides on the SOI platform with a 2-μm-thick buried oxide layer and a 220-nm-thick device silicon layer. The channel waveguides are covered with a 2-μm-thick top cladding silicon dioxide layer. The devices are composed of a multi-tip section and a combiner section. The multi-tip section is composed of a number (N) of equally spaced inverse taper waveguides. The width of each inverse taper waveguide linearly increases from an initial width of w i to an exit width of w e and each gap width between inverse taper waveguides linearly decreases from an initial gap width of g i to an exit gap width of g e , thus enabling low-loss mode evolution. The combiner section, which connects the multi-tip section and the output channel waveguide, is an adiabatic taper waveguide with its width linearly decreasing from an initial width of w j at the junction between two sections to a final width of w o to match the output channel waveguide. These geometric parameters are limited to be larger than the minimum feasible waveguide width and gap width allowed for the fabrication process, 150 nm, with this value selected to be representative of typical foundry services. 
Choice of Number of Tips
In this study, the light source was a DFB laser with linear TE polarization, centered at 1550 nm with an elliptic Gaussian field profile. This profile had a 1/e half width of 1.62 μm in the x-axis, σ x , and a 1/e half height of 0.87 μm in the y-axis, σ y , as shown in Fig. 2(a) . The overall coupling efficiency, η c , of the multi-tip coupler can be calculated as
where the input interface coupling efficiency, η i , is determined by how well the modes match each other, while the mode evolution efficiency, η m , is determined by how well the mode evolves adiabatically. In order to obtain the highest η i between the output mode of the DFB laser and the mode field of the multi-tip edge couplers at the input interface, the values of N, w i , and g i were optimized using the PSO method. This optimization was carried out as follows:(i) The fundamental TE mode profile of the DFB laser and the fundamental TE mode field of the multi-tip edge couplers with certain values of tip widths w i and gaps g i at the input interface are calculated by using the FDE technique. Then, (ii) η i is determined by using the mode overlap integral as well as the reflection caused by the difference between the effective indices at the two sides of the input interface [24] . Lastly, (iii) the calculated η i is used as the fitness value for the PSO to iterate through steps (i) and (ii) to obtain the optimized tip widths w i and gaps g i at the input interface for the configurations with different number of tips.
The mode profile of the fundamental TE mode at 1550 nm at the input interface of the inverse taper edge coupler with the optimized tip width and N = 1, which is the conventional inverse taper edge coupler, is presented in Fig. 2(b) . The normalized electric field distributions of the fundamental TE modes at 1550 nm at the input interface of the multi-tip edge couplers with different number of tips (N = 2-6) as well as their respective optimized tip widths w i and gaps g i are shown in Fig. 2(c) -(g), respectively. η i for each configuration is shown in Fig. 3 . The single-tip edge coupler (N = 1) has an input interface coupling efficiency of η i = 84.50%, in contrast to the increased efficiency of the multi-tip edge couplers, which exceeds 91.78% for N = 2-6. The peak η i of 94.70% is at N = 4, which is ∼10% higher than that of the conventional inverse taper edge coupler. The optimized tip widths, gaps, and resulting input interface coupling efficiencies are shown in Table 1 . Fig. 3 shows that η i for N = 5 is comparable with that for N = 4. However, as indicated by Table 1 , the lower tip numbers (for N = 2-6) have greater tip widths w i and gaps g i , and thus considering that the manufacturability and fabrication tolerances are improved with larger w i and g i , N = 4 is a better choice than N = 5 owing to its larger widths and gaps yet similar input interface efficiency. Therefore, the following discussion is mainly focused on N = 4. Once the optimized tip widths w i and gaps g i for each N are determined, the mode evolution efficiency η m for the given parameters can be further analyzed, which is described in the next section. To explore how the η i changes with the parameters g i and w i around their optimized values, we carried out an additional calculation of η i with the parameters w i = 150-200 nm and g i = 613-663 nm for the multi-tip edge coupler N = 4 at 1550 nm. The mapping of η i for w i and g i is shown in Fig. 4 . The result shows that η i is more sensitive to w i than g i .
Design of Adiabatic Tapers
The mode evolution efficiency η m is affected by the structural discontinuity at the junction of the multi-tip section and combiner section as well as the adiabaticity of the tapers in both sections. This structural discontinuity results from a limitation of the fabrication process that creates an inevitable gap width g e at the junction between the two sections, thus causing an additional mode mismatch. To reduce this mode mismatch, we propose an extra width offset region w s of the combiner section at the junction of the multi-tip section and combiner section, where w j = (N − 1) × g e + N×w e + 2w s . The optimization of parameters w e , g e , and w s for these two sections is carried out by the same method described previously. All of the optimized parameters for N = 1-6 are shown in Table 2 . The optimized parameters for N = 4 are w e = 294 nm, g e = 150 nm, and w s = 206 nm, and thus w j = 2038 nm. These parameters are applied to the EME and the 3D-FDTD simulations for the following discussion. Ideally, adiabaticity of the tapers in both the multi-tip section and the combiner section can be achieved as the lengths of the tapers become infinitely large. While a device with a small footprint and high mode evolution efficiency η m is desirable, there is a trade-off between increasing η m and maintaining a small device footprint. For the analysis of the adiabaticity of the tapers, the overall coupling efficiency η c is calculated by using the EME technique instead of the time-consuming 3-D FDTD technique as the redundant calculations of mode evolutions in tapers with variable lengths can be eliminated and thus the calculation time can be significant shortened [20] . The variations of the overall coupling efficiency η c of the multi-tip edge coupler as a function of the multi-tip section length L t and combiner section length L c are shown in Fig. 5(a) and (b) , respectively. To maintain a small device footprint, section lengths of L t = 70 μm and L c = 20 μm were selected for the device geometries with N = 1-6.
Results and Discussion
3-D FDTD simulations were used to determine more accurate overall coupling efficiencies η c of the multi-tip edge couplers with N = 1-6 the results are presented in Fig. 6 . The variation of η c with N is similar to that of the input interface coupling efficiency η i (see Fig. 3 ). For the multi-tip edge couplers with N = 2-6, the mode evolution efficiency η m = η c / η i is approximately 0.95, which indicates that the lengths for the tapers are sufficiently large to allow adiabatic mode evolution for all the multi-tip edge couplers. Among the proposed devices with different number of tips, the four-tip edge coupler has the highest overall coupling efficiency η c at 90.68% (0.4249 dB), which is ∼10% higher than that of the conventional inverse taper edge coupler (η c = 82.66% or 0.8272 dB). The cross-sectional view at y = 0 of the simulated electric field incident from a DFB laser at 1550 nm into the 90-μm-long four-tip edge coupler is shown in Fig. 7 . The mode field evolves smoothly and gradually from the mode size of the light source (σ x = 1.62 μm and σ y = 0.87 μm) to the mode size in the 400-nm-wide and 220-nm-thick output channel waveguide without noticeable loss.
The overall coupling efficiencies η c as a function of incident wavelengths 1260-1675 nm for the four-tip edge coupler is shown in Fig. 8 . The minimum η c of 75.19% (1.238 dB) and the ultrabroadband operation over 415 nm, across the O-band to U-band, can be achieved. The four-tip edge coupler shows higher efficiency and much broader bandwidth than the conventional inverse taper edge coupler. It is noted that there is a slight oscillation characteristics of the overall coupling efficiency for the four-tip edge coupler. This is originated from the Fabry-Pérot resonance between the end faces of the multi-tip edge coupler. On the other hand, since the conventional coupler is simply a single inverse taper waveguide structure without an abrupt structural change at the joint between the taper waveguide and the output waveguide to provide a required reflection to form a Fabry-Pérot cavity. Therefore, there is no oscillation behavior of the overall coupling efficiency for the conventional coupler. Figure 9 shows the mode profile of the source and the field distribution of the multi-tip edge couplers for N = 1 and N = 4 at three different wavelengths, i.e., 1260 nm, 1550 nm, and 1660 nm, to further explicate the spectral characteristics of the input interface coupling efficiency η i . The mode field distribution area for N = 1 decreases dramatically at shorter wavelengths while the mode field distribution area for N = 4 shows less variation. Based on the calculations of η i , the value of η i for N = 1 is decreased from 84.5% at 1550 nm to 43.5% at 1260 nm while the value of η i for N = 4 is decreased from 94.7% at 1550 nm to 75.4% at 1260 nm. Within this wavelength range, the η i for N = 4 is reduced less than that for N = 1 as the wavelength deviates from the target central wavelength 1550 nm. Consequently, the bandwidth for the four-tip edge coupler (N = 4) is wider than that for the conventional inverse-taper edge coupler (N = 1).
The overall coupling loss l c , where l c = -10·log(η c ) (in dB), for both the four-tip edge coupler and the conventional inverse taper edge coupler as functions of the misalignment of the light source in the x-axis and the y-axis are shown in Fig. 10(a) and (b) , respectively. The misalignment tolerance of the four-tip edge couplers for a 1 dB loss penalty is ±0.77 μm in the horizontal direction (x-axis), which is 10% higher than the conventional inverse taper edge coupler. For the vertical direction (y-axis), the misalignment tolerance for a 1 dB loss penalty is ±0.41 μm. Such misalignment tolerances in both horizontal and vertical directions are easily achievable by the modern alignment technique.
We also investigated the tolerance of a fabrication error w of ±5 nm and ±10 nm in variations of the feature sizes. In this study, isotropic variations of the feature sizes in both x-axis and yaxis directions were considered. The plus sign (+) indicates that the feature size is larger than the designed size, whereas the minus sign (-) indicates that the feature size is smaller than the designed size. In Fig. 11 , the four-tip edge coupler shows extra losses of only 0.0262 dB for w = -5 nm and 0.0617 dB for w = -10 nm, indicating that the designed device is tolerant to fabrication errors. Notably, the overall coupling efficiency for both w = +5 nm and +10 nm was higher than that for w = 0. This is because g e for w = +5 nm and +10 nm is less than the minimum feasible gap width as limited by the fabrication process, thus further reducing the structural discontinuity between the multi-tip section and the combiner section resulting in less mode evolution loss. With advances in the fabrication technology in the future resulting in smaller minimum feasible widths, a higher overall coupling efficiency η c can be expected. In the ideal case that the minimum feasible gap width is zero, the highest overall coupling efficiency η c = 94.06% (0.2659 dB) can be achieved according to our calculations. The comparisons of the performances of the proposed device with various state-of-the-art multi-tip edge couplers on SOI platform are shown in Table 3 . The performance of the proposed device is comparable with the other state-of-the-art multi-tip edge couplers in terms of overall insertion loss and total device length. Especially, the proposed device exhibits an extraordinary broad bandwidth of at least 415 nm. The aforementioned design process is not limited to be applied to the cases discussed in this study. For a more general case, when the ellipticity of source differs or the size ratios between the waveguide height and the spot size of source varies, one can first optimize the tip number and tip geometry at the input surface with considering the minimum allowable value for parameters (w i and g i ). It can be expected that, the small mode field distribution for N = 1 causes a small overlapping area between the field distribution at input interface and the mode profile of the source leading to the lowest η i . By introducing additional number of tips, the overlapping area can be further increased and thus the value of η i increases accordingly. Nevertheless, when the number of tips exceeds a certain value N max (e.g., N = 4 in this study), the field distribution becomes similar and large enough to well match the mode profile of the source and hence η i cannot be further enhanced. It should be noted that we restrict the optimized value of the parameter w i to be at least as large as the minimum allowable value (e.g., 150 nm in this study for imec iSiPP50G foundry service) for a practical fabrication process. As a result, the value of η i for N > N max may be limited or even decreased due to the tip width or gap width reaching their minimum allowable values. As the parameters w i and g i for the case with N = N max are determined, then the parameters (w e and w s ) of the tip geometry at the joint between the multi-tip section and the combiner section can be optimized using the same mode matching concept. Finally, the overall coupling efficiency dependence on L t and L c can be determined by carrying out EME simulations and then the optimized values of L t and L c can be chosen based on the trade-off between increasing η m and maintaining a smaller device footprint.
Conclusions
In summary, high efficiency and ultra-broadband multi-tip edge couplers based on the SOI platform for direct coupling with the elliptic beam of a DFB lasers were developed. The devices are composed of a multi-tip section and a combiner section with dimensions not less than the minimum allowed waveguide width and gap for the practical fabrication process. To obtain the best mode matching at the input interface between the DFB laser and the multi-tip section, the width and the spacing of tips were optimized by using the PSO method with the number of tips varied from one to six. The highest input interface coupling efficiency of 94.70% was found for the four-tip edge coupler. Given the trade-off between the adiabaticity of the tapers and the small device footprint, lengths of 70 μm and 20 μm were chosen for the taper structures in the multi-tip section and the combiner section, respectively. Moreover, an extra width offset region of the combiner section was introduced at the junction of the multi-tip section and combiner section to reduce the mode mismatch caused by the structural discontinuity at this junction. For the four-tip edge coupler, an overall coupling efficiency of up to 90.68% (0.4249 dB) at 1550 nm with ultra-broadband operation from 1260 nm to 1675 nm with less than 1 dB extra loss was verified by the 3-D FDTD technique. The misalignment tolerance of the four-tip edge coupler for the 1 dB loss penalty is ±0.77 μm in the horizontal direction (x-axis) and ±0.41 μm in the vertical direction (y-axis), which are compatible with the modern alignment technique. With advancements in fabrication technologies that allow for smaller minimum feasible widths and gaps in the future, an even higher overall coupling efficiency is anticipated. With its highefficiency ultra-broadband operation and small device footprint, the proposed device is a promising candidate for a laser-to-chip edge coupler in silicon photonics.
